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Abstract:  20 

Effective hydraulic conductivity (Ke) for Hortonian overland flow modeling has been defined 21 

as a function of rainfall intensity and runon infiltration assuming a distribution of saturated 22 

hydraulic conductivities (Ks). But surface boundary condition during infiltration and its 23 

interactions with the distribution of Ks are not well represented in models. As a result, the 24 

mean value of the Ks distribution (ܭௌതതത), which is the central parameter for Ke, varies between 25 

scales. Here we quantify this discrepancy with a large infiltration data set comprising four 26 

different methods and scales from fire-affected hillslopes in SE Australia using a relatively 27 

simple yet widely used conceptual model of Ke. Ponded disk (0.002 m²) and ring 28 

infiltrometers (0.07 m²) were used at the small scales and rainfall simulations (3 m²) and 29 

small catchments (ca 3000 m2) at the larger scales. We compared ܭௌതതത between methods 30 

measured at the same time and place. Disk and ring infiltrometer measurements had on 31 

average 4.8 times higher values of ܭௌതതത than rainfall simulations and catchment scale estimates. 32 

Furthermore, the distribution of Ks was not clearly log-normal and scale-independent, as 33 

supposed in the conceptual model. In our interpretation water repellency and preferential 34 

flow paths increase the variance of the measured distribution of Ks and bias ponding towards 35 

areas of very low Ks during rainfall simulations and small catchment runoff events while 36 

areas with high preferential flow capacity remain water supply limited more than the 37 

conceptual model of Ke predicts. The study highlights problems in the current theory of 38 

scaling runoff generation. 39 

Index Terms: 1838, 1847, 1850 40 

Keywords: 41 
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1. Introduction 

Traditional infiltration theory based on Darcy type flow relies on the assumption that soil 

structure is homogeneous over some distance [e.g. Green and Ampt, 1911]. Saturated 

hydraulic conductivity (Ks) is one of the most important parameters in this conceptual model. 

Instead of Ks the name of effective hydraulic conductivity (Ke) has been used when applying 

the original infiltration theory to naturally heterogeneous soils. Ke values vary in time due to 

changing soil properties or rainfall intensity [Kidwell et al., 1997; Langhans et al., 2010; 

Nearing et al., 1996; Paige et al., 2002; Risse et al., 1995; Ruan et al., 2001; Van den Putte et 

al., 2013]. These studies were largely empirical and concerned with a priori estimation of 

parameter values for soil erosion prediction models such as WEPP [Nearing et al., 1989]. 

Earlier, in hydrology, Ke signified a parameter with values that are invariant within a 

specified space-time domain: it was a specific type of mean of a distribution, e.g. the 

arithmetic, harmonic or geometric mean or some intermediate values (as reviewed in: Binley 

et al. [1989]; Blösch and Sivapalan [1995]). This definition had the problem that, while 

acknowledging spatial heterogeneity, it implicitly assumed unlimited water supply, which is 

unrealistic during most natural rainfall events. Hawkins [1982] conceptualized rainfall 

intensity as a water supply limitation for area-averaged steady-state infiltration rates. This 

idea has been subsequently employed to re-define Ke as area-averaged infiltration rate at 

field-saturated conditions for a given rainfall intensity [Smith and Goodrich, 2000]. In this 

definition, Ke is not an effective parameter in the sense of a constant, but a function of water 

supply. This conceptual model of Ke, not always in name but in purpose, has been extended 

to account for effects of changing surface boundary conditions such as water depth and water 

supply rate, during Hortonian overland flow [Dunne et al., 1991; Karssenberg, 2006; 

Langhans et al., 2013; Morbidelli et al., 2006]. The application of this definition of Ke to 

calculate area-averaged infiltration rates (fe) with traditional infiltration theory is not always 
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straightforward, but ensemble equations for fe have been formulated [Langhans et al., 2014; 

Morbidelli et al., 2006; Smith and Goodrich, 2000]. 

Regardless of which definitions for Ke one adheres to, when using Ke in models of Hortonian 

overland flow, one aims at integrating actual heterogeneity and flow processes present within 

a model unit. For practical relevance the values of Ke, or the distribution parameters they 

depend on, need to be such that observations of runoff match predictions. Perhaps 

unsurprisingly, it has proven difficult to find unique values or functions. Not only are Ke 

values very sensitive to rainfall intensity, antecedent moisture conditions, and changing soil 

surface conditions during an event [Binley et al., 1989; Risse et al., 1995], but they are also 

scale-dependent. Natural soils on hillslopes have a complex macro- and microscopic 

structure, and there is inadequate or incomplete theory that links the most important flow 

processes, such as matrix- and macropore flow, and surface runoff [e.g. Beven and Germann, 

1982; 2013]. Scale-dependency of Ke stems from the non-linearity of the flow processes and 

their interactions with a complex, often spatially correlated soil and surface structures that are 

not well represented by the homogeneity assumption of Darcian flow [Beven, 1989; Grayson 

et al., 1992].  

Boundary conditions in this study are defined as flux and head variables at the surface, such 

as water depth, ponding extent (inundation of the microtopography), and water supply rates 

(runon). These boundary conditions vary in time and space, within and between measurement 

methods and scales. One particular aspect of the scale-problem of Ke is the actual versus the 

modeled surface boundary condition and distribution of Ks. The interaction of surface 

boundary conditions with the distribution of Ks and their effect on infiltration rates at 

different scales are largely unresolved in models; it is an important, and generally neglected 

sub-problem of the ‘non-linearity of flow processes’ issue. While in traditional infiltration 

theory, the surface boundary was simply ponded or not ponded, subsequent models have 
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introduced some sophistication. Rainfall intensity-dependency of Ke was introduced by 

assuming a distribution of Ks where the portion of the soil surface where rainfall intensity 

was larger than Ks was ponded, and the remainder not ponded [Hawkins, 1982; Wood et al., 

1986]. Later developments have introduced the concept of ‘runon infiltration’ where the 

surface can be ponded not only by rainfall excess, but also runoff water from upslope 

[Corradini et al., 1998; Jones et al., 2013; Karssenberg, 2006; Morbidelli et al., 2006]. Water 

depth increases pressure at the surface and is therefore directly linked to infiltration rates at a 

location [e.g. Reynolds and Elrick, 1990]. But this fact has not yet been included in models of 

Ke, where water depth is a distribution within the micro-topography. Some researchers 

however have linked the water depth distribution to the distribution of Ks and therefore Ke, 

but have not considered water repellency [Dunne et al., 1991; Langhans et al., 2014]. Others 

have focused on modeling the supply of surface water to surface-connected macro-pores 

[Léonard et al., 2001; Ruan and Illangasekare, 1998; Weiler, 2005]. 

The problem is that all these models have been developed with particular environments in 

mind, where the studied boundary condition was assumed to be important. But none of the 

studies has actually isolated the effect of surface boundary conditions by measurement under 

natural rainfall-runoff conditions, which would be very difficult. It is also not clear if the 

studied effects are indeed mathematically well presented, because different 

conceptualizations and their calibrated parameter values can result in comparable predictions; 

this is the problem of model identifiability [Kirchner, 2006; McDonnell et al., 2007]. As a 

consequence there is no generally accepted theory that can explain observed scale-effects in a 

broad range of conditions. A related problem is that infiltration measurements at different 

scales necessarily require different measurement methods that all have different boundary 

conditions. Only a ‘perfect’ model would result in estimates of Ke that are independent of the 

method. 

This article is protected by copyright. All rights reserved.
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Studies addressing the surface runoff scaling problem mostly propose new models with a 

‘better’ representation of boundary conditions than a previous model that it seeks to supplant, 

and evaluate the performance with measurements at different scales (see section before last). 

This approach is a valuable type of study to advance our understanding of a system, and 

improve predictions. Here we choose a different approach, where we seek to quantify the 

overall importance of the boundary conditions (given by scale and method) in the estimation 

of Ke. We have chosen a model of Ke with a relatively simple representation of surface 

boundary conditions, and which can be applied at all scales and for all methods. In order to 

control for other factors than surface boundary conditions affecting values of Ke, methods are 

compared with data at the same location and time. Resulting differences in Ke using the same 

conceptual model can be attributed to the aggregate effect of all aspects of surface boundary 

conditions particular to scale and method that the model does not account for. As far as we 

know, this approach is new. 

The magnitude of the scale- and method effect will be different for each study area. We chose 

burnt hillslopes, because this environment has not yet been extensively studied with regards 

to infiltration on a variety of scales. However, for a burnt area, Ebel et al. [2012] compared 

values of field saturated hydraulic conductivity (Kfs) between techniques at the small core 

scale, and Nyman et al. [2014a] and Sheridan et al. [2007] found contrasting values of Kfs 

between the rainfall simulation and mini-disk or ring infiltrometer scales also for burnt areas. 

Where present, we included data from unburnt areas at those burnt sites. We used a unique 

data set of infiltration measurements comprising four methods (disk- and ring infiltrometers, 

rainfall simulations, and small catchment runoff measurements) within the South East 

Australian Ecosystem of fire-affected forests. Good understanding and models of runoff 

generation in fire-affected forests are critical for studies of post-fire erosion, water quality, 

and geomorphic hazards. Site-specific factors are not part of the focus of this paper, but on 
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fire-affected hillslopes we can expect distributions and processes different from traditional 

assumptions in infiltration theory [Ebel and Moody, 2013], which makes this environment an 

important testing ground for the generality of existing models. 

The underlying purpose or motivation of the present work is to critically test an existing way 

to predict large scale surface runoff from fire-affected forest hillslopes using smaller-scale 

infiltration measurements. The work should help identify areas where theoretical 

development of surface-runoff scaling is required. The specific objective of this study is to 

quantify the overall importance of the boundary conditions, given by different scales and 

measurement methods, in estimating the central parameter of Ke. For this we present a large 

data set of infiltration measurements from fire-affected areas, and analyze them using a well-

used infiltration model. 

 

2. Reference model for Ke 

2.1. Log-normally distributed Strips Concept (LSC) 

We chose a model that is 1) widely used, 2) consistent with a widely used definition of Ke, 

and 3) with a relatively simple representation of the surface boundary condition to allow 

quantifying the aggregate effect of boundary conditions between scales and methods. The 

model in question was first presented by Smith et al. [1990] and Smith and Goodrich [2000], 

and will be called hereafter ‘Log-normally distributed Strips Concept’ (LSC). The LSC 

assumes a log-normal distribution of Ks where they are arranged in strips downslope, which 

means that there is no interaction between runoff and infiltration on the runoff strips. The 

conceptual model was taken up in the runoff and erosion model KINEROS [Smith et al., 

1990] and KINEROS2 [Goodrich et al., 2006]. Smith and Goodrich [2000] have developed 
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an empirical formulation for fe and Ke based on this idea. Here we are interested in Ke (L T-1),  167 

which is relevant for rainfall simulations at apparent steady state (Equations 11a and 11b of 168 

Smith and Goodrich [2000]): 169 

௄೐௄ೄതതതത = ቂ1 + ቀ௄ೄതതതത௜ ቁ௣ቃିଵ ௣⁄
         (1a) 170 

where 171 

݌ = ଵ.଼஼௏బ.ఴఱ           (1b) 172 

and where i is rainfall intensity (L T-1), ܭௌതതത  (L T-1) is the mean of the log-normal distribution 173 

of Ks (ܭௌതതത = exp (ߤ +  ଶ)), CV (-) the coefficient of variation of the log-normal 174ߪ0.5

distribution of Ks ൫ܸܥ = ඥexp (ߪଶ) − 1൯, with ߤ the mean and ߪଶ variance of the log-175 

transformed values. In words, Ke increases more strongly with rainfall intensity when CV is 176 

higher, and it is equal to Ks when CV is 0 (Figure 1).  177 

 178 

[Figure 1] 179 

 180 

The assumption of a log-normal distribution of Ks has been justified by ring infiltrometer 181 

measurements [Baker and Bouma, 1976; Sharma et al., 1980]. This observation has been 182 

widely repeated [Haws et al., 2004; Lai and Ren, 2007; Lauren et al., 1988; Mallants et al., 183 

1997; Mertens et al., 2002; Sisson and Wierenga, 1981; Wuest, 2005]. KINEROS2 contains 184 

the same conceptual model of infiltration as Equation 1 a and b, only for the time-dependent 185 

case (fe, not shown), published in Smith and Goodrich [2000]. A steady rainfall modeled in 186 

This article is protected by copyright. All rights reserved.



A
cc

ep
te

d 
A

rt
ic

le
KINEROS2 would therefore yield final infiltration rates equal to Ke. In the remainder ‘LSC’ 187 

refers to both KINEROS2 and Equation 1 a) and b), as both are based on the same theory. 188 

KINEROS2 allows for some runon infiltration broadly defined as infiltration of runoff further 189 

downslope: after-flow infiltration (infiltration after rainfall excess has ceased) and runon 190 

from a model unit (‘plane’ in KINEROS2) with low infiltration onto a plane with high 191 

infiltration are possible, but no runon due to spatial variability within the model unit is 192 

represented. KINEROS2 is popular for erosion and runoff studies [e.g. Al-Qurashi et al., 193 

2008; Kalin et al., 2003], including post-wildfire runoff [Canfield et al., 2005; Chen et al., 194 

2013; Goodrich et al., 2005; Langhans et al., 2016; Sidman et al., 2015]. The LSC accounts 195 

only for rainfall intensity and not for water depth, variable water supply by runon, or other 196 

complex surface boundary conditions. The LSC is therefore suitable for quantifying the 197 

importance of the aggregate of these effects across scales and methods.  198 

 199 

2.2. Terminology 200 

We can now clarify the relationship between Ke, ܭௌതതത, Ks and Kfs. In this study we are 201 

interested in Ke, because as the apparent (effective) hydraulic conductivity its meaning is the 202 

same for all infiltration models (definitions) and at all scales (see introduction). But for 203 

quantitative comparison, we chose a specific definition of Ke (LSC, previous section) for 204 

which the comparable parameter across scales and methods is ܭௌതതത. If ܭௌതതത  is scale-dependent, 205 

then so is Ke, only that we cannot easily compare the scale-dependency of Ke, because Ke also 206 

depends on rainfall intensity (i.e. water supply rate at the surface). 207 

Ks is used only in the context of distribution, because in the LSC Ks does not have any 208 

specified spatial dimension. For the purpose of quantifying this distribution each ܭௌതതത value of 209 
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the small scale measurements was interpreted as an instance of Ks from which the distribution 210 

can be assessed. 211 

Measurements of saturated hydraulic conductivity in the field are often labeled field-saturated 212 

hydraulic conductivity (Kfs), because some areas of the soil matrix remain unsaturated, 213 

especially in the presence of water repellency [Nyman et al., 2010]. During all types of 214 

measurements presented here the soil was field-saturated rather than saturated, but for our 215 

purpose, Kfs was interpreted as ܭௌതതത. 216 

 217 

3. Study area 218 

The study sites are located in the North-Eastern and Central Highlands in Victoria, SE 219 

Australia (Figure 2). The area is mountainous with an elevation up to 1800 m, and steep 220 

slopes of up to 40°, but typically between 25 and 35°. It is mostly covered by forests 221 

dominated by the Eucalypt genus (eucalyptus). In areas that receive more annual precipitation 222 

(1200 – 2000 mm), mostly at mid-and higher elevation, forests are ‘Wet’, which means that 223 

they are not water-limited. At lower elevations the forest is a ‘Dry’ mixed eucalypt species 224 

forest (Wet and Dry are designations used in the Victorian Ecological Vegetation 225 

Classification, [DSE, 2012]). There is a strong aspect effect, as well, with equatorial-facing 226 

(northerly) slopes having higher levels of net radiation than polar-facing (southerly) slopes, 227 

and thus being significantly dryer (see Nyman et al. [2011] for a more detailed description of 228 

the regional physical environment). The aridity index [Budyko, 1974], which is a measure of 229 

long-term water or energy limitation ranges from 3 on rain-shaded (less than 1000 mm annual 230 

precipitation) and equatorial-facing slopes (water limited) to below 1 on polar-facing, rainy 231 

(up to 2000 mm) slopes (energy limited) [Nyman et al., 2014b]. Aridity index and forest type 232 

(wet, dry) are related to soil hydraulic properties and soil depth, with deeper soils and higher 233 
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hydraulic conductivities at lower aridity indices, and shallower, stony soils with lower 234 

hydraulic conductivities at higher aridity [Sheridan et al., accepted]. The region experiences 235 

regular severe forest fires during the months of December to February that spread over ten 236 

thousands of hectares. During the first two years after fire, the soil surface layer, underlying a 237 

thin hydrophilic layer, is highly water repellent [Nyman et al., 2014a]. In the dryer spectrum 238 

the forest soils are less well developed and infiltration rates are low, leading to overland flow 239 

and erosion, whereas in the wetter forests well structured soils have relatively high infiltration 240 

rates despite the occurrence of water repellency [Nyman et al., 2010; Sheridan et al., 2007]. 241 

 242 

[Figure 2] 243 

4. Methods 244 

The study draws on a large runoff and infiltration data set collected from burned and 245 

unburned forests in SE Australia between 2005 and 2010. The LSC model is applied to 246 

calculate the mean value of the Ks distribution (ܭௌതതത), which is the central parameter of Ke, for 247 

data from the larger scales. By comparing values of different methods at the same locations 248 

and times, other factors of infiltration are controlled for such that the importance of surface 249 

boundary conditions can be quantified. 250 

 251 

4.1. Measurements 252 

Various studies throughout the last two decades have measured infiltration or runoff in the 253 

study area using different methods. We chose studies and sites where two different methods 254 

with different scales of measurement were carried out within about four weeks of each other. 255 

This approach ensured that soil conditions were similar and allowed direct comparison, 256 
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controlling for much of seasonal or random site-specific effects. We retained a data set of six 

sites and four different methods (Table 1) with a total of 628 individual observations. The 

data have been partly published in international journals [Noske et al., accepted; Nyman et al., 

2010; Nyman et al., 2014a; Sheridan et al., 2007], and partly published in theses [Cawson, 

2012; Oono, 2010]. For disk infiltrometer (DI) measurements a retention ring of 5.3 cm 

diameter was inserted 2-3 cm into the soil to avoid lateral loss. A constant ponding depth of 5 

mm was maintained while readings were taken in 15 second intervals for 10-15 minutes. If a 

reading did not change after 5 minutes, the experiment was stopped, which gives this method 

a lower limit of accuracy of about 3.4 mm h-1. The method is described in more detail Nyman 

et al. [2014a]. For single ring infiltrometer (RI) measurements a ring with a diameter of 30 

cm was inserted 5 cm into the soil. A constant water depth of 2 - 60 mm (due to sloping 

terrain) was maintained at the centre of the ring. Adjustment for water depth in a single ring 

were made after Reynolds [1993], with more details given in Sheridan et al. [2007]. Rainfall 

simulations (RFS) were conducted on plots of 1.5 x 2 m with a central oscillating boom with 

a kinetic energy of 295 kJ ha-1 mm-1 for about 30 minutes [Sheridan et al., 2007]. Some 

rainfall intensity rates were around 60, but most around 100 mm h-1. Runoff rates from 

natural rainfall from two small catchments (CAT), an equatorial-facing (North) (STCN: 3094 

m²) and an adjacent polar-facing (South) (STCS: 2567 m²), were measured with a large 

tipping bucket where runoff passes a bed-load trap, and enters the buckets with a nominal 

tipping volume of 12 L [Noske et al., accepted]. More information on the rainfall events is 

given in the results section. 

 

[Table 1] 
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These four types of measurement differ in scale, boundary conditions and distribution of 281 

individual measurements (Table 2). Boundary conditions are sometimes controlled, such as 282 

with unlimited supply of water at a fixed water depth for the disk and ring infiltrometer 283 

measurements. We chose 5 mm of ponded head, which was within the natural range of 0 to 284 

around 10 mm for rainfall simulations and runoff events [Dunne and Dietrich, 1980; Emmett, 285 

1978; Langhans et al., 2013; Smith et al., 2010]. But for the two larger scales they cannot be 286 

controlled, and are difficult to measure. As the data set was collected for different purposes, 287 

boundary conditions such as inundation and water depths were not measured for rainfall 288 

simulations let alone for catchment runoff. While rainfall simulations had steady supply of 289 

water, catchment rainfall is unsteady. These differences, summarized in Table 2, do not 290 

constrain the analysis, but they are the object of the study, and they can be used during 291 

interpretation of the results. 292 

 293 

[Table 2] 294 

 295 

4.2. Determination of ܭௌതതത and CV 296 

Disk and ring infiltrometer scale (0.002 - 0.07 m²) 297 

Final infiltration rates during disk and ring infiltrometer experiments (after correction for 298 

water depth for RI) were interpreted as ܭௌതതത (fe = Ke = ܭௌതതത), and ܭௌതതത = Ks for the purpose of 299 

quantifying the distribution of Ks. ܭௌതതത at this scale is therefore consistent with the LSC model. 300 

61 % of the disk infiltrometer measurements were below the reading threshold 3.4 mm h-1. 301 

The actual distribution of these values between 0 and the reading threshold is unknown, but 302 

we assumed that their distribution had a mean of half the threshold (1.7 mm h-1). While this 303 
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approach is arbitrary, we did not opt to simulate a distribution for the values between 0 and 304 

3.4 mm h-1, because we do not know the real overall distribution. 305 

 306 

Rainfall simulation scale (3 m²) 307 

For rainfall simulation data, the apparent steady state infiltration rates were calculated from 308 

the last three runoff readings of each rainfall simulation. According to the LSC definition this 309 

steady state infiltration rate equals Ke. We solved Equation 1a with known Ke and i for ܭௌതതത 310 

using the CV (Equation 1b) of the disk or ring infiltrometer measurements made at the same 311 

site and time. Measurements were made on the same hillslopes with separation of less than a 312 

few tens of meters. 313 

 314 

Catchment scale (3000 m²) 315 

For catchment data ܭௌതതത was derived by calibrating KINEROS2 so that modeled and observed 316 

runoff hydrographs had the least possible deviations at one minute time intervals, as 317 

measured by the Nash-Sutcliffe Model Efficiency (ME) [Nash and Sutcliffe, 1970]. For three 318 

periods of two months (Table 1), centered on the date when disk infiltrometer measurements 319 

were made, all storms that produced runoff were included in the calibration exercise, but only 320 

modeled runoff events with a ME of more than 0.5 were retained for further analysis. The 321 

rainfall events were derived from a single rain gauge that was situated on the ridge separating 322 

the two catchments. Rainfall events were defined as separate when there were 30 minute 323 

intervals without rain before and after rainfall. 324 

The chosen configuration of KINEROS2 reflects the regional conditions after fire (Table 3). 325 

A two-layer system, where the first layer functions as interception storage, reflects a highly 326 
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porous non-repellent surface layer over a sub-surface layer with a high degree of water 327 

repellency [Nyman et al., 2014a]. Canopy interception after fire was not taken into account, 328 

but was probably small, as most leaves had been consumed during fire. The interception 329 

value is thus an estimate for the average storage potential of the non-repellent surface layer, 330 

assumed to cover the whole catchment uniformly. Water infiltrating into this layer is partially 331 

inhibited from entering the second layer. It was therefore assumed that the soil’s capillary 332 

drive at the surface (matric potential) was insignificant compared with the gravitational 333 

potential. Based on our judgment, reasonable values for microtopography and water 334 

temperature were chosen, but they were not measured (Table 3). For more information about 335 

these parameters we refer the reader to the online documentation of KINEROS2 336 

(http://www.tucson.ars.ag.gov/kineros/) or Smith et al. [1995]. 337 

 338 

[Table 3] 339 

 340 

CV for the application in KINEROS2 was based on the variability of disk infiltrometer 341 

measurements at the same time and distributed within the catchments. ܭௌതതത and Manning’s n 342 

(L-1/3 T) were optimized. Manning’s n is related to the unit width discharge (q) as: 343 

 344 

ݍ = ௌభ/మ௛ఱ/య௡             (3) 345 

 346 

where S is the slope gradient, and h is water depth. KINEROS2 uses equation 3 with the 347 

factor 1.49 in the denominator for English units. Values of Manning’s n obtained during 348 
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optimization were thus multiplied by this factor to conform to SI units. KINEROS2 uses the 349 

kinematic wave equations, which are a simplification of the St. Venant equations, to calculate 350 

overland flow distribution in time and space. For optimization, a set search algorithm was 351 

applied, where based on reasonable starting values for the two calibration parameters, ME 352 

was calculated for a single storm. Subsequently, every parameter combination of half the 353 

starting values’ step size in each direction of the parameter space from the starting value was 354 

used to calculate a set of ME. Retaining the parameter combination that yielded the highest 355 

ME as new starting values, reducing the step size, and repeating the process allowed the set 356 

algorithm to converge on an optimized pair of Manning’s n and ܭௌതതത. Optimized parameter 357 

combinations were found for each storm that produced sufficient runoff, and for these storms 358 

we assumed that the objective function surface (values of ME across the parameter space) 359 

was smooth enough for this algorithm to yield unique parameter values, which seems 360 

reasonable as a similar optimization study yielded unique values [Langhans et al., 2014]. 361 

 362 

Distribution of Ks at all scales 363 

The observed distribution of log-transformed ܭௌതതത values of all methods was tested with the 364 

Lilliefors test [Lilliefors, 1967]. The null hypothesis of log-normal distribution was rejected 365 

for DI and CAT at a significance level of 0.05 (Table 2). The null hypothesis for RI and RFS 366 

could not be rejected, but p-values were relatively low, which casts doubt on the log-normal 367 

distribution hypothesis (p = 0.27 and p = 0.06, respectively). As a consequence ܭௌതതത  was 368 

calculated as the arithmetic mean, and CV as the standard deviation over the mean, rather 369 

than using mean and CV definition of a log-normal distribution (section 2.1). 370 

 371 
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4.3. Analysis 372 

The observed distributions of ܭௌതതത of all measurement scales were compared. Mean values of 373 ܭௌതതത and mean values of CV were calculated for each period of measurement at a site. If the 374 

period in question contained data from burnt or unburnt parts of the site, they were compared 375 

separately. The Wilcoxon ranking test [Wilcoxon, 1945] for significant differences between 376 

medians of two populations was applied to separate periods and sites. We compared ܭௌതതത 377 

across scales and measurement methods: ratios of ܭௌതതത and CV were calculated, where values 378 

of the smaller scale measurements were divided by the larger scale measurement: 379 

 380 

 ௦ ratio: ୑ୣୟ୬ ௄ೞ (஼௏)୭୤ ୱ୫ୟ୪୪ ୱୡୟ୪ୣ (ୈ୍ ୭୰ ୖ୍)୑ୣୟ୬ ௄ೞ (஼௏)୭୤ ୪ୟ୰୥ୣ୰ ୱୡୟ୪ୣ (ୖ୊ୗ ୭୰ େ୅୘)      (4a) 381ܭ

 382 

CV ratio:  ஼௏ ୭୤ ୱ୫ୟ୪୪ ୱୡୟ୪ୣ (ୈ୍ ୭୰ ୖ୍)஼௏୭୤ ୪ୟ୰୥ୣ୰ ୱୡୟ୪ୣ (ୖ୊ୗ ୭୰ େ୅୘)       (4b) 383 

 384 

The distribution of Ks in the LSC is assumed to be log-normally distributed and scale-385 

independent, which means that both CV and ܭௌതതത would be the same at all scales if boundary 386 

conditions of the measurements were fully accounted for in the LSC. Deviations of ܭௌതതത-  and 387 

CV- ratios from 1 can thus be attributed to the combined effect of actual vs. assumed 388 

distribution and boundary conditions. 389 

The LSC does not account for runon infiltration directly. The related model of Hawkins and 390 

Cundy [1987] predicts that with an arrangement of higher Ks further downslope Ke will equal 391 ܭௌതതത. In the LSC we have also calculated ܭௌതതത for rainfall simulations and catchment data with 392 

CV = 0 (no runon possible), and compared it with ܭௌതതത  using CV from the disk and ring 393 

infiltrometer measurements in order to quantify the effect of runon within the LSC. 394 
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 395 

5. Results 396 

During three periods, and in the two catchments (STCN and STCS), a total of 137 runoff 397 

events was recorded, some of which resulted in only a few tips of the tipping buckets (Table 398 

5). For about half of the events parameters were calibrated with an ME of more than 0.5, and 399 

an average of 0.86. The remaining events had too low ME values, or the algorithm could not 400 

converge. ME values were mainly too low for events with low runoff totals, and an 401 

unresolvable hydrograph due to sparsity of tips. Mean optimized ܭௌതതത ranged from 1.5 to 5.0 402 

mm h-1, and mean Manning’s n from 0.14 to 0.23, with consistently higher values for both 403 

parameters in the southern aspect catchment (Table 4). The 77 runoff events that were finally 404 

used in the calibration differed between the three measurement periods (Table 5). Rainfall 405 

events were on average about 150 minutes in the first two periods, and 420 minutes in the 406 

third period. Rainfall totals between time periods and the two catchments ranged from an 407 

average of 6.8 to 20.7 mm, and the average one-minute maximum rainfall intensity of the 408 

events was between 18.4 and 37 mm h-1, with the most intensive rainfall in March 2010. 409 

Runoff coefficients ranged from 0.26 to 0.39, with higher runoff coefficients on the 410 

equatorial-facing aspect, which is consistent with the lower ܭௌതതത values. 411 

 412 

[Table 4, Table 5] 413 

 414 

The distribution of ܭௌതതത of RI, RFS and CAT appear relatively straight on the log-normal 415 

probability plot (Figure 3), but log-normality was either rejected or uncertain using the 416 
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Lilliefors test (Table 2). Values of disk infiltrometer measurements above the reading 417 

threshold (39 % of total) are not log-normally distributed either. 418 

[Figure 3] 419 

 420 

Mean ܭௌതതത values of the smaller scale disk and ring infiltrometer measurements were on 421 

average 4.8 times larger than values estimated for rainfall simulations and catchments (Figure 422 

4, Table 6). However, only some of the differences were significant, due to high variability 423 

and sometimes low numbers (Table 6). The ܭௌതതത  ratio was highest with a mean of 8.0 where 424 

ring infiltrometer measurements were compared to rainfall simulation values, second highest 425 

with a mean of 3.8 for the comparison of disk infiltrometer over rainfall simulation 426 

measurements, and lowest with a mean of 2.6 for disk infiltrometer over catchment values. 427 

The CV was on average 4.7 times higher for smaller than for the larger scales, with a similar 428 

pattern as the ܭௌതതത  ratio between sites and methods (Table 6). 429 

 430 

[Table 6, Figure 4] 431 

 432 

There are some recognizable trends that are important for the interpretation of the results. 433 

First, there is a clear signal of aridity, with lower aridity sites having ܭௌതതത values that are lower 434 

by an order of magnitude for DI and RFS (Table 6). Secondly, whereas ܭௌതതത  values are not 435 

clearly lower for burnt versus unburnt sites, the ܭௌതതത  ratio itself is somewhat higher for burnt 436 

sites. 437 

 438 
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6. Discussion 439 

6.1. Distribution of Ks 440 

The distribution of Ks was not clearly log-normal at any scale. While for ring infiltrometer 441 

measurements and rainfall simulations the log-normal assumption was reasonable, it was not 442 

log-normal in the case of the disk-infiltrometer measurements (Figure 3, Table 2). No 443 

distribution of the values between 0 and 3.4 mm h-1 would make the whole distribution log-444 

normal, but it would remain approximately bimodal. A subset of the present DI data has been 445 

described as exponential [Nyman et al., 2010]. Most researchers found log-normal 446 

distributions of Ks with ponded ring infiltrometers at all scales between 0.05 and 4 m 447 

diameter mostly in agricultural soils [Baker and Bouma, 1976; Haws et al., 2004; Lauren et 448 

al., 1988; Mallants et al., 1997; Shouse et al., 1994; Sisson and Wierenga, 1981; Wuest, 449 

2005]. 450 

The fact that the small scale distributions of Ks are not significantly log-normally distributed 451 

contradicts the assumption of the LSC model. There are probably no models where all 452 

assumptions are met or tested, and it is a matter of judgment what discrepancies one is 453 

willing to accept. In most applications of KINEROS2, for example, the distribution of Ks is 454 

neither measured nor calibrated and thus not tested. In this study we chose to use the LSC 455 

despite this contradiction, because we would otherwise not be able to achieve our objective of 456 

comparing ܭௌതതത  across scales with a widely used infiltration model. It would be a limitation of 457 

the scope of this study if we restricted ourselves only to test the assumptions of a model, and 458 

not the model outcomes. 459 

Coefficients of variation decrease with increased size of the measurement area [Hu et al., 460 

2013; Lai and Ren, 2007; Lauren et al., 1988; Mallants et al., 1997], which we can clearly 461 

confirm with our measurements (CV ratio in Table 6). This decrease is problematic for the 462 
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LSC, because it violates the assumption of a scale-independent CV. When we apply the CV 463 

measured at the small scale in the determination of ܭௌതതത at the rainfall simulation or catchment 464 

scales, we introduce a dependency between scales, which is difficult to quantify and that was 465 

not foreseen in the LSC. Again, as with the log-normality assumption, we chose to proceed 466 

with using the LSC to achieve our objective. 467 

Variations in means across scales have been consistently found for different measurement 468 

methods. Ponded infiltration in the field is larger than on smaller cores in the lab or field 469 

[Buttle and House, 1997; Davis et al., 1999; Merz et al., 2002]. Most explanations centre on 470 

the abundance, functioning, avoidance and cutting off of macropores during measurements 471 

[Davis et al., 1999; Mallants et al., 1997; Wuest, 2005], but none of these hypotheses has 472 

been tested. Others have found ܭௌതതത values inferred from rainfall simulations were lower by up 473 

to an order of magnitude than values from ring infiltrometer measurement [Cerda, 1996; 474 

Karssenberg, 2006; Merz et al., 2002; Sheridan et al., 2007]. Also, ܭௌതതത values inversely 475 

calculated for plots or small watersheds under natural rainfall are consistently lower than 476 

values inferred from ring infiltrometers [Chahinian et al., 2006; Williams and Bonell, 1988]. 477 

Interestingly, ܭௌതതത  values inferred from small watersheds are also smaller than values from 478 

rainfall simulations [Burns, 2010; Langhans et al., 2014]. Our results confirm that also for 479 

fire-affected soils ܭௌതതത from fully ponded conditions (at the smaller support scale) are higher 480 

than ܭௌതതത from partially ponded conditions (at the larger support scale) (Figure 4). 481 

 482 

6.2 Accounting for the discrepancy in ܭௌതതത between methods and scales 483 

Authors have offered explanations for this scale-dependency including ‘event-dependency’, 484 

rainfall intensity-dependency and spatial heterogeneity (or distribution of infiltration 485 

capacities) [e.g. Sheridan et al., 2007; Williams and Bonell, 1988]. Others have modeled or 486 
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‘upscaled’ infiltration from the small to the large scale to bridge the gap between 

measurements, with variable degrees of success [Chahinian et al., 2006; Karssenberg, 2006; 

Langhans et al., 2014; Merz et al., 2002]. Importantly, the latter authors have accounted for 

rainfall intensity, ‘runon’, and spatial variability in their models. The problem is that all 

important sub-processes variables that allow up-scaling are: 1) uncertain to be important or 

dominant, 2) very difficult to measure and therefore rarely comprehensively measured, and 3) 

likely to be site-specific. The LSC does account for rainfall intensity and spatial 

heterogeneity, albeit in a spatially abstracted way. This allowed us to avoid the subjective 

focus on one or more sub-processes that are thought to be important, and rather quantify the 

overall boundary conditions and distribution effect. Secondly, it allowed us to compare a 

large data set that was collected with other objectives in mind. 

While our study does not provide means to disentangle the components that could explain 

Figure 4 conclusively, we can offer some cautious interpretations. In fire-affected forest soils 

the effect of full ponding with unlimited water supply (DI, RI) vs. partial ponding with 

limited water supply is likely to be of overriding importance. It is very likely that 5 mm water 

depth (as in DI) is achieved during rainfall simulation and natural rainfall-runoff events over 

large parts of the soil surface, which makes the methods similar in terms of average water 

depth. However, for the small-scale methods ponding is full, and water supply unlimited, and 

water depth therefore unaffected by Ks. But for the larger-scale methods with partial ponding, 

water depth will be biased towards areas with lower Ks, and water depth or ponding in areas 

with high Ks will be limited by water supply rates either from rainfall or runoff. In principle, 

the LSC can account for the effect of full vs. partial ponding, but the observed bias is 4.8 

times stronger than predicted by the LSC. We offer the hypothesis that during full ponding 

with unlimited water supply, the full flow capacity of preferential flow paths connected to the 

surface is accessed, while during partial ponding with water supply limitation, only a fraction 
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of this flow capacity is accessed. This water supply limitation would be particularly strong at 512 

low aridity sites with high infiltration capacities. Indeed, ܭௌതതത  ratios of low aridity (EKW1) are 513 

up to an order of magnitude higher than high aridity ܭௌതതത  ratios (Table 6). At small scales the 514 

actual distribution of hydraulic conductivities is therefore likely to have a large variance. This 515 

phenomenon can be attributed to strong water repellency that was reported in the studies used 516 

for this analysis [Cawson, 2012; Noske et al., accepted; Nyman et al., 2010; Nyman et al., 517 

2014a; Oono, 2010; Sheridan et al., 2007], and the importance of preferential flow in the 518 

region [Burch et al., 1989; Lane et al., 2006; Nyman et al., 2010; Nyman et al., 2014a]. In 519 

this context, the partial vs. full ponding effect would be larger in a burnt soil where water 520 

repellency is stronger than in unburnt forest: the difference between lower Ks areas (that are 521 

water repellent) and areas with higher Ks (preferential flow areas) results in more bias of 522 

ponding towards low infiltration areas. Indeed, the ܭௌതതത  ratio is higher for burnt than for 523 

unburnt sites (Table 6). In addition, some of the water repellent ponding areas might 524 

experience activation of water repellent pores through positive water pressure [Ebel et al., 525 

2012; Letey et al., 2000; Nyman et al., 2010]. An alternative explanation of lower infiltration 526 

rates with rainfall simulations is that the kinetic energy of the rainfall simulation can alter the 527 

transient properties of a recently burnt soil. We think this is unlikely, as all types of 528 

measurements were carried out typically after some natural rainfall had already consolidated 529 

the surface somewhat, and secondly a decline in infiltration rates during rainfall simulation 530 

was not observed. 531 

Within the LSC assumptions, the maximum possible runon effect was quantified by 532 

comparing ܭௌതതത  calculated with CV set to 0 (no runon possible) and CV as given by the disk or 533 

ring infiltrometer measurements (Table 6). The effect was typically between 10 and 25 %, 534 

and at most 43 % at the STCN catchment in March 2010. The actual runon effect might have 535 

been larger, but not so much as to dominate over the partial vs. full ponding effect, or else the 536 
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 ௌതതത  ratio would not be so clearly above 1 when comparing disk infiltrometer values with 537ܭ

catchment scale values where the runon effect can be expected to be at its largest. 538 

 539 

6.3 Implications of results 540 

In this study we have proven the importance of surface boundary conditions to infiltration 541 

and the distribution of Ks on fire-affected hillslopes. We have provided a hypothesis of the 542 

dominant process involved, and shown that the scale-independent log-normal distribution 543 

assumption might be inapplicable on fire-affected hillslopes: especially at smaller scales the 544 

distribution is not log-normal, probably due to water repellency and preferential flow paths. 545 

The study also used a new way to evaluate how a runoff and infiltration model performs in 546 

accounting for boundary conditions: by comparing the central parameter that should be 547 

constant (e.g. ܭௌതതത) across scales and methods, but for the same time and place. 548 

Of course it is widely appreciated that in most soils, (burnt) forest [Nyman et al., 2010], 549 

arable [Lauren et al., 1988; Mallants et al., 1997; Wuest, 2005] or grassland [Merz et al., 550 

2002] infiltration is not homogeneous even at the scale of a soil core, but dominated by 551 

preferential flow. More generally, heterogeneity is usually organized in patterns that need to 552 

be understood for good infiltration modeling [McDonnell et al., 2007]. But there are very few 553 

studies that focus on the interaction of this soil surface heterogeneity with boundary 554 

conditions to infiltration. The three studies mentioned in the introduction are an exception, as 555 

they explicitly model water supply to surface connected macropores [Léonard et al., 2001; 556 

Ruan and Illangasekare, 1998; Weiler, 2005]. Given the importance of the boundary 557 

condition and distribution effect (factor of 4.8 between methods and scales) there should be 558 

much more focus on this issue. The dominant process length of this interaction (for example 559 

the distribution of flow lengths from infiltration excess to re-infiltration [Sheridan et al., 560 
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2014]) is likely to be highly dynamic within and between events depending on boundary 561 

conditions. 562 

Despite the complexity, there is no way around designing new models and experiments that 563 

take account more explicitly of those interactions to achieve advancement in the problem of 564 

runoff generation and scale. As for measurements, it is important to measure both soil 565 

infiltration patterns and distribution of conductivities and surface boundary conditions, and to 566 

establish the link between them as closely as possible. This is a big challenge and probably 567 

requires new experimental methods, such as dye tracing and measuring the distribution of 568 

water depth over time. As for models, one focus could be on improving the distribution 569 

representation: it should be measurements-based and scale-dependent. Another important 570 

recognition is that infiltration rates at field-saturation are not only limited by water supply 571 

rates, but that current concepts of Kfs (or ܭௌതതത, and therefore Ke)  itself are dependent on surface 572 

boundary conditions. 573 

What does this mean for our purpose of using small-scale measurements for up-scaling runoff 574 

and infiltration on hillslopes? It might not be enough to have one type of measurement. One 575 

set of measurements should be aimed at characterizing the scale-dependent distribution of 576 

hydraulic conductivities at a relatively small scale (e.g. disk infiltrometers). Another one 577 

should aim at quantifying the relationship between water input (rainfall and runon) and 578 

infiltration at a slightly larger scale, with additional measurement of surface boundary 579 

conditions (e.g. rainfall simulations or rainfall-runoff plots) and resulting infiltration patterns 580 

in the soil. From both types, the relationships between hydraulic conductivity, boundary 581 

conditions, and infiltration need to be inferred that are at the core of the up-scaling problem. 582 

 583 

7. Conclusions 584 
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From a large data set of infiltration measurements in burned and unburnt SE Australian forest 585 

hillslopes we calculated mean Ks (ܭௌതതത) values that were measured at the same time and place, 586 

but with different methods and scales. We used a conceptual model of effective hydraulic 587 

conductivity (Ke) that accounts for rainfall intensity and assumes a scale-independent log-588 

normal distribution [Smith and Goodrich, 2000]. ܭௌതതത values from ponded disk and ring 589 

infiltrometer measurements were on average 4.8 times larger than rainfall simulation and 590 

catchment scale values. Coefficients of variation were similarly larger for the small scale 591 

compared to the larger scale methods. Furthermore, we rejected log-normality for the disk 592 

infiltrometer and catchment scale distributions at a significance level of 0.05 based on the 593 

Lilliefors test whereas log-normality for the ring infiltrometer and rainfall simulation values 594 

was uncertain, with relatively low p-values of 0.27 and 0.06, respectively. The disk 595 

infiltrometer values showed separation into very low values (61 %) and approximately 596 

normally distributed larger values. At the disk infiltrometer scale the distribution was very 597 

wide (possibly bimodal), probably through the effect of water repellency and preferential 598 

flow paths, typical for burnt forest soils. It was hypothesized that during rainfall simulation or 599 

natural rainfall-runoff ponding and runoff was strongly biased towards the low conductivity 600 

areas whereas the preferential infiltration areas are more water-limited than the Ke concept 601 

with its log-normal distribution assumption predicts. On the other hand, the small-scale 602 

methods had full ponding with unlimited water supply. This strong discrepancy has been 603 

reported before for other environments, and our study underlines the need to improve the 604 

measurement and explicit modeling of the interaction of surface boundary conditions and 605 

actual distributions of hydraulic conductivities for advancement in scale problems of runoff 606 

generation. 607 

 608 
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Tables 

Table 1: Locations and characteristics of the sites where data of at least two different methods in the 

same time period was available 

Site ID Name Geographic 
coordinates 

Burn type, 
burn date Forest type Aridity 

index1 
Mean slope 

gradient2 
Experimental methods3 

(data source) 
Dates of 

experimentation 

UY Upper 
Yarra 

37°43'S 
145°51'E 

Planned burn, 
April 2009 Dry forest 1.7 0.43 

DI, RFS 
(Cawson, 2012;        

Oono, 2010) 

Jun 2009,         
May 2010 

SUN Sunday 
Creek 

37°21'S 
145°08'E 

Wildfire,    
Feb 2009 Dry forest 2.1 0.53 DI, RFS 

(Nyman et al., 2014) Mar 2010 

EKW1 East 
Kiewa 

36°48'S 
147°12'E 

Wildfire,  Jan 
2003 Wet forest 1.2 – 1.6 0.3 – 0.47 RI, RFS 

(Sheridan et al., 2007) 
Mar, Sep 2005, 

Feb 2006 

EKW2 East 
Kiewa 

36°48'S 
147°12'E 

Wildfire,    
Dec 2006 Wet forest 1.2 – 1.6 0.32 DI, RFS 

(Nyman et al., 2010) Mar 2007 

STCN 
Stony 
Creek 
North 

36°30'S 
146°48'E 

Wildfire,    
Feb 2009 Dry forest, 2.5 

 0.27 DI, CAT 
(Noske et al., accepted) 

Sep 2009, 
Mar, Sep 2010, 

STCS 
Stony 
Creek 
South 

36°30'S 
146°48'E 

Wildfire,    
Feb 2009 Dry forest, 2.3 0.27 DI, CAT 

(Noske et al., accepted) 
Sep 2009, 

Mar, Sep 2010, 

1Aridity index = Net radiation/(latent heat of vaporization*Precipitation), Nyman et al., 2014a 

2Mean slope gradient of rainfall simulation sites; STCN and STCS: catchment average slope gradient 

3DI: disk infiltrometer; RI: ring infiltrometer; RFS: rainfall simulation; CAT: catchment calibration 
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Table 2: Summary of methods, their scales, boundary conditions, actual distribution of Ks and the 833 

inference method of ܭௌതതത with the Log-normally distributed Strips Concept 834 

Method Scale Boundary conditions Distribution   

 (m²) 
Water depth 

(mm) 
Inundation 

Water 
supply rate 

Log-
normalityb 

 
Inference of          ܭௌതതത  

Disk 
infiltrometer 

(DI) 
0.002 5 Full 

Unlimited, 
steady 

Reject 
(p<0.05) 

 fe (= Ke) 

Ring 
infiltrometer 

(RI) 
0.07 0-60 Full 

Unlimited, 
steady 

Uncertain 
(p=0.27) 

 fe (= Ke)c 

Rainfall 
Simulation 

(RFS) 
3 0-10a Partial 

Limited, 
steady 

Uncertain 
(p=0.06) 

 
fe (= Ke) and 

Equation 1 

Catchment 
(CAT) 

3000 unknown Partial 
Limited, 

unsteady 
Reject 

(p<0.05) 
 KINEROS2 

a Langhans et al, 2013, Dunne and Dietrich, 1980, Smith, 2010, Emmett 1978 835 

b Lilliefors test (significance level of 0.05) 836 

c adjusted for water depth, as water depth was substantial on sloping terrain 837 

 838 

Table 3: Values of parameters that were fixed in KINEROS2 839 

Parameter Values 
Interception depth 0.5 mm 
Canopy fraction 1 
G (net capillary drive) 0 mm 
CV (Ks) Values given in Table 6 
Initial saturation 0.41 
Microtopography Spacing: 10 cm 

Relief: 2 cm 
Water temperature 20° C 

 840 

  841 
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Table 4: Nash-Sutcliffe model efficiency (ME) of the modeled hydrographs in the STCN and STCS 842 

catchments, and mean and standard deviation of the optimized parameters 843 

     ME Optimized values 

Period Aspect  n 
events 

 Fraction  
> 0.5 

Fraction   
< 0.5 

Mean      
> 0.5 

 
Mean ܭௌതതത 
(mm h-1) 

Std ܭௌതതത 
(mm h-1) 

Mean 
Manning’

s n 

Std 
Manning’

s n 
Sep 2009 N  36  0.47 0.53 0.85 1.4 0.8 0.14 0.07

S  30  0.50 0.50 0.85 3.2 1.4 0.18 0.07

Mar 2010 N  18  0.67 0.33 0.86 4.9 6.0 0.18 0.06

S  14  0.57 0.43 0.87 5.3 0.9 0.23 0.06

Sep 2010 N  21  0.67 0.33 0.84 2.3 1.4 0.18 0.07

S  18  0.61 0.39 0.84 5.0 3.4 0.21 0.06

 844 

Table 5: Rainfall and runoff statistics of the events with ME > 0.5 845 

    Rainfall event statistics (means) Runoff statistics (means)

Period Aspect n   
events 

 Duration 
(min) 

Total    
(mm) 

Intensity   
I1-min (I15-min) 

(mm h-1) 

 Total    
(mm) 

Peak: max. 
1-min   

(mm h-1) 

Runoff 
coefficient 
(mm mm-1) 

Sep 2009 N 17  167 6.8 18.4 (6.9)  3.2 4.4 0.39 

 S 15  162 7.2 19.2 (7.4)  2.8 4.2 0.29 

Mar 2010 N 12  152 10.5 37.0 (13.1)  4.0 6.8 0.34 

 S 8  125 11.0 33.0 (11.7)  3.9 6.5 0.26 

Sep 2010 N 14  358 14.4 26.6 (9.6)  6.8 5.8 0.38 

 S 11  471 20.7 33.8 (13.5)  8.5 8.2 0.36 

 846 

  847 
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Table 6: Descriptive statistics for all data, separated by site, period, burn condition and method. The 848 ܭௌതതത and CV ratios compare the smaller-scale over the larger-scale value 849 

Site ID 
(Aridity 
Index) 

Date 
Burn 

condition 
Methoda n Mean ܭ௦ 

(CV = 0) 
Mean ܭ௦ 

(CVb) 
CV  ܭ௦ ratioc CV ratiod 

     mm h-1     

UY Jun 2009 Burnt DI 147 30.6 30.6 2.66  
*5.3 4.3 

(1.7)  Burnt RFS 8 4.4 6.0 0.62  

  Unburnt DI 45 78.5 78.5 1.91  
3.0 3.9 

  Unburnt RFS 4 19.2 28.9 0.49  

 Mar 2010 Burnt DI 48 81.4 81.4 1.30  
5.1 4.0 

  Burnt RFS 3 14.5 16.0 0.32  

  Unburnt DI 24 52.7 52.7 1.65  
1.6 4.5 

  Unburnt RFS 4 26.2 36.2 0.36  

SUN Mar 2010 Burnt DI 36 46.8 46.8 2.27  
4.9 3.6 

(2.1)  Burnt RFS 3 8.0 9.9 0.62  

EKW1 Mar 2005 Burnt RI 6 1350.5 1350.5 0.66  
*17.4 1.5 

(1.4)  Burnt RFS 3 64.2 98.7 0.45  

  Unburnt RI 6 732.2 732.2 0.16  
*8.6 14.9 

  Unburnt RFS 3 82.4 86.3 0.01  

 Sep 2005 Burnt RI 6 439.1 439.1 0.45  
*4.2 12.4 

  Burnt RFS 3 88.9 144.9 0.04  

  Unburnt RI 2 476.0 476.0 0.62  
4.2 5.4 

  Unburnt RFS 3 89.9 228.5 0.11  

 Feb 2006 Burnt RI 6 354.6 354.6 0.80  
*9.9 2.1 

  Burnt RFS 3 32.8 36.0 0.38  

  Unburnt RI 6 248.7 248.7 0.91  
*3.7 7.5 

  Unburnt RFS 3 56.8 74.5 0.12  

EKW2 Mar 2007 Burnt DI 29 118.1 118.1 1.75  
2.7 6.0 

(1.4)  Burnt RFS 3 33.9 49.0 0.29  

STCN Sep 2009 Burnt DI 24 1.3 1.3 0.00  
*0.9 0.0 

(2.5)  Burnt CAT 17 1.4 1.4 0.55  

 Mar 2010 Burnt DI 28 20.5 20.5 1.93  
4.2 1.6 

  Burnt CAT 12 2.8 4.9 1.23  

 Sep 2010 Burnt DI 24 6.1 6.1 1.49  
2.7 2.5 

  Burnt CAT 14 2.1 2.3 0.60  

STCS Sep 2009 Burnt DI 22 0.0 0.0 0.00  
*0.0 0.0 

(2.3)  Burnt CAT 16 3.0 3.0 0.49  

 Mar 2010 Burnt DI 26 32.0 32.0 1.21  
6.1 7.4 

  Burnt CAT 8 4.7 5.3 0.16  

 Sep 2010 Burnt DI 22 7.6 7.6 1.47  
1.5 2.2 

  Burnt CAT 11 4.2 5.0 0.68  
aDI: disk infiltrometer; RI: ring infiltrometer; RFS: rainfall simulation; CAT: catchment calibration 850 

bCoefficient of variation of DI or RI used to calculate ܭ௦ of RFS and CAT;  cEquation 4a; 
d

Equation 4b 851 

*Median values of small and large scale methods are significantly different, based on the Wilcoxon ranking test (alpha = 0.05) 852 
  853 
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Figures 854 

 855 

Figure 1: Demonstration how Ke varies as a function of rainfall intensity at different CV. Given a data 856 

point, for example derived from steady state infiltration rate of a rainfall simulation, the assumption of 857 

a certain value of CV strongly influences the inferred ܭ௦   value (dotted lines). 858 

 859 

860 
 Figure 2: Study site locations in Victoria, SE Australia   861 
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862 
Figure 3: Cumulative probability for ܭௌതതത values of a method. * 61% of disk infiltrometer 863 

measurements had values that were below the reading threshold for the method of 3.4 mm h-1. These 864 

values are displayed as 1.7 mm h-1 (forming a vertical line). 865 

  866 
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  867 

Figure 4: Ratio of smaller-scale (fully ponded) ܭௌതതത values over comparable larger-scale (partially 868 

ponded) ܭௌതതത values, for each measured combination of small and large scale measurements at one time 869 

and place (Equation 4a) 870 

 871 
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